Abstract-This paper explores a model-free approach based on the random search (RS) algorithm for maximizing wind farms power production. The RS based approach is utilized to find the optimal control parameter of each turbine in maximizing the wind farm total power production. The Horns Rev wind farm model with turbulence interaction between turbines is used to validate the proposed approach. Simulation results demonstrate that the random search approach produces higher total power production as compared to the existing method.
I. INTRODUCTION
Wind energy has been one of the most cost-efficient sources of renewable energy in the world. As the technology is expanding, the recent focus is to reduce the cost-of-energy and increasing the energy production performance of existing wind farms. The current control design of wind farms still leave room for improvements. This makes wind farms control problem also an interesting field for more fundamental research.
Recently, studies on designing a new control approach to improve power generated from existing wind farms have received a great attention from researchers in the control community. However, since the turbulence interactions amongst turbines are complex and difficult to model, it is more challenging to find the optimal control setting of each turbine in a wind farm. Hence, a model-free control approach is a promising solution for this problem. So far, there exists various model-free control approaches to improve the energy production of wind farms. These includes game theoretic (GT) and cooperative control based [1] - [3] , maximum power point tracking [4] , [5] , simultaneous perturbation stochastic approximation [6] , [7] , and Bayesian ascent [8] based approaches. This paper investigates the usefulness of the random search (RS) [9] , [10] as a model-free method and it is validated to the model of Horns Rev wind farm. Then, the statistical analysis of the wind farm total power production is presented. Finally, a performance comparison between the RS and the game theoretic [2] based approaches is shown.
The organization of this paper is described as follows. Section II explains the problem formulation. In Section III, the step-by-step procedure of the random search based methods is discussed. The RS based approach is validated to the Horns Rev wind farm model in Section IV. The comparative study between the RS and the game theoretic based methods are also discussed in the same section. Finally, Section V provides some concluding remarks.
II. PROBLEM FORMULATION
In this study, consider n wind turbines in the wind farm. Each turbine is located randomly in a farm. The control parameter of turbine i is denoted as v i (i = 1, 2, . . . , n), which is a general form of the turbine controllers, such as, pitch angle of the blade and speed of turbine rotor [11] . The power production of turbine i is defined as Q i (v 1 , v 2 , . . . , v n ) (i = 1, 2, . . . , n). The incoming wind speed with a random direction and time-varying speed is considered in this study. Therefore, we can say that the control parameters except for turbine i, which are v 1 , v 2 , . . . , v i−1 , v i+1 , . . . , v n , would also affect the turbine i power production Q i because of the turbulence interaction between turbines. Similarly, any variations of control parameter v i not only affect Q i but also Q 1 , Q 2 , . . . , Q i−1 , Q i+1 , . . . , Q n . Therefore, the total power production of turbine i Q i highly depends on v i and weakly depends on other control parameters v 1 , v 2 , . . . , v i−1 , v i+1 , . . . , v n . Since the turbine dynamics and the turbulence interactions amongst turbines are very complex, it is difficult to obtain an accurate model of the wind farm, which accurately provides the relation between Q i and v 1 , v 2 , . . . , v n . However, we assume that the total power production of the wind farm is measurable and can be represented as:
Then, we describe the problem as:
Problem 2.1. Let the wind farm total power production Q(v 1 , v 2 , . . . , v n ) is given in (1) and functions Q i (i = 1, 2, . . . , n) are unknown. Then, find control parameters
III. MODEL-FREE DESIGN USING RANDOM SEARCH
The key idea to solve Problem 2.1 is provided in this section. Firstly, the RS algorithm introduced by [9] is explained. Next, we show to synthesize the model-free control parameter tuning based on the RS method.
A. Random Search
Let g : R n → R be the objective function and θ ∈ R n is the design variable. Then, a standard optimization problem is expressed by min
The RS algorithm updates θ iteratively by performing the neighbourhood search as follow. For k = 0, 1, . . .,
Here, δ k is the sequence of gain and r k is the random vector with n-dimensional size, which is obtained from the elementwise Bernoulli distribution
where r ki is the i-th element of the random vector r k . Then, step-by-step procedure of the RS algorithm is given by:
Step 1: Determine the gain δ k . Select the initial conditions θ 0 , set k = 0 and g best = g(θ 0 ).
Step 2: Compute random vector r k .
Step 3: Execute the neighborhood search in (3) and obtain θ N k .
Step 4: Obtain the objective function g(θ N k ).
Step 5: If g(θ N k ) > g best , update the design variable θ k+1 = θ N k and set g best = g(θ N k ). Otherwise, set θ k+1 = θ k .
Step 6: Set k = k + 1 and continue Step 2 if a prespecified stopping criterion is not fulfilled. Otherwise, the algorithm stops with the optimal design variable θ * := arg max θ∈{θ0,θ1,...,θ k+1 } g(θ).
In
Step 6 of the algorithm, the stopping criterion is chosen from the maximum iterations, where the algorithm stops after a pre-determined number of iterations k max .
B. Model-Free Synthesize
Using the RS algorithm in Section III-A, the model-free RS based method for maximizing wind farm power production is explained:
Step I: Select the maximum iterations number k max .
Step II: Perform the RS algorithm in Section III-A by setting Q as g and v as θ.
Step III: After k max iterations, the algorithm stops with the optimal solution v * := θ * and the total power production Q is recorded.
The flow of the model-free wind farm control synthesize based on random search algorithm is illustrated in Figure 1 .
IV. SIMULATION RESULTS
This section demonstrates the RS based method for maximizing wind farm power production. A wind farm model, which replicates a real commercial wind farm, is considered to evaluate the proposed method. Firstly, the model of the wind farm proposed by [11] is described. Next, the RS based approach is validated to the model of Horns Rev offshore wind farm.
A. Model of Wind Farm
Let n wind turbines in the wind farm is represented by the set χ = 1, 2, . . . , n, the incoming wind speed is denoted by V ω , the turbine rotor diameter is defined by D i , the rotor swept area of turbine j is represented by A j . The symbol φ is a roughness parameter that describes the gradient of turbulence propagation, A ov i→j is defined as the overlap region between the upstream turbine i turbulence and turbine j rotor swept region. The expression (z, r) is defined as a point in the turbulence of the turbine, where z is the distance to the turbine rotor disk plane and r is the distance to the center of the turbine rotor axis. Then, the aggregate wind speed is represented as: Fig. 1 . The structure of model-free wind farm control based on random search where z i is the distance to the turbine i rotor disk plane, while z j is the distance to the turbine j rotor disk plane. Figure 2 shows the illustration of turbulence interaction between the two turbines. For j ∈ χ, the wind speed V j is calculated using the wind speed aggregation deficit produced by each upstream turbine. It is assumed that the turbulence expands proportionally to the distance z and its diameter has a circular cross-section. Moreover, the power of each turbine is given by:
B. Horns Rev Example
This section evaluates the effectiveness of the RS based method based on the Horns Rev wind farm model in Section IV-A. The Horns Rev wind farm consists of 80 turbines with 80 m diameter. It is located in the North Sea off the coast of Denmark. The layout of the wind farm is shown in Figure 3 . Note that, each turbine is positioned in an oblique rectangle, where the distance between each turbine is equal to seven turbine diameters, i.e., 560 m, in both x and y directions. The values of air density and the roughness parameter are ρ = 1.225 kg/m 3 and φ = 0.04, respectively. In this study, the performance comparison of the RS and game theoretic approach in [2] is presented for the specific wind direction only. In particular, we select the case when wind direction wind direction is 270
• since a much larger wake effect is generated amongst turbines [12] .
Firstly, it is assumed that the incoming wind speed is constant at V ω = 8 m/s. Next, the gain sequences of RS based method is set as δ k = 0.01/(k + 18) 1/5 . The initial control parameter of each turbine is set to the optimal control parameter of standalone turbine, which is given by θ 0i = 1/3. Meanwhile, the game theoretic method with random step interval size K G = 0.03 and the probability of update the design variable E = 0.3 are considered. In order to see the effect random parameter in both methods, 100 independent trials are executed for the RS and game theoretic based methods. Figure 4 shows the wind farm total power production responses Q(v 1 , v 2 , . . . , v n ) of each approach after 10000 iterations. Here, the responses of the RS and game theoretic based methods are represented by the green and red lines, respectively. It shows that the convergence curve of the RS based method is comparable with existing game theoretic based approach. However, if we look into detail on the statistical analysis of the total power production at 10000 iterations as shown in Table I , the RS based approach produces higher total power production (38.11572092 MW) compared to game theoretic based method (38.10989270 MW). We also can observe a similar pattern for the values of mean and worst of the total power production. In terms of the obtained optimal control parameter, it is expected that these values are same for all turbines in the same row are same, since the generated turbulence is propagated symmetrically. In particular, if the turbines in the first row receive the incoming wind speed V ω , the best optimal control parameters of the RS based approach are obtained as row {1; 2; 3; 4; 5; 6; 7; 8; 9; 10} = {0.2077; 0.1597; 0.1634; 0.1656; 0.1677; 0.1175; 0.2306; 0.1852; 0.1824; 0.3355}. It can be seen that the optimal control parameters values in the first row is higher than the intermediate row, while the values in the final row are remained as the initial control parameters. This pattern is similar to recent investigation on wind farm control, e.g., [2] , while producing better total power production. V. CONCLUSION
In this paper, a preliminary study of a model-free method based on random search (RS) for wind farm control has been investigated. The proposed method is simulated on Horns Rev wind farm layout. In the numerical example, the RS based approach produces a better total power production than game theoretic based method. In this sense, it shows the potential of RS method for model-free approach of wind farm control.
